The kinetic stabilities and relaxivities of a series of Eu 2+ -containing cryptates have been investigated. Transmetallation studies, which monitored the change in the longitudinal relaxation rate of water protons in the presence of Ca 2+ , Mg 2+ , and Zn 2+ , demonstrated that the cryptate structure influenced the stability, and two of the cryptates studied were inert to transmetallation in the presence of these endogenous ions. The efficacy of these cryptates was determined at different magnetic field strengths, temperatures, and pH val-
Introduction
Most paramagnetic contrast agents for magnetic resonance imaging (MRI) are used to improve the inherent contrast in MR images by increasing the relaxation rates of the water protons. This ability of Gd 3+ -based contrast agents to alter the relaxation rates, known as relaxivity, decreases at ultrahigh field strengths.
[1] Although Eu
2+
-containing complexes have been explored as contrast agents in the past, [2] we have recently shown that Eu 2+ -containing cryptates outperform Gd 3+ 1,4,7,10-tetraazacyclododecane-N,NЈ,NЈЈ,NЈЈЈ-tetraacetate (GdDOTA) at ultrahigh field strengths. [3] Here, we describe measurements of the kinetic stability of Eu 2+ -containing cryptates and the influence of magnetic field strengths, temperature, and pH values on their relaxivity.
Kinetic stability, which relates to the inertness of a complex to transmetallation in vivo, is a critical parameter for contrast agents. Weaver and coworkers have reported the stability of cryptate Eu-1 in the presence of Na + , Ba 2+ , and tetraethylammonium cations, which are components of electrolytes in cyclic voltammetric experiments. [4] However, the kinetic stability of Eu 2+ -containing cryptates in the presence of biologically relevant ions, which include Ca 2+ , Mg 2+ , and Zn 2+ , is of the utmost importance due to the toxicity of uncomplexed europium. [5] Therefore, our kinetic studies explored the stability of the Eu 2+ -containing com-ues. Cryptate relaxivity was found to be higher at ultrahigh field strengths (7 and 9.4 T) relative to clinically relevant field strengths (1.4 and 3 T), but the efficiency of these cryptates decreased as the temperature increased. In addition, a variation in pH did not yield significant changes in the efficacy of the cryptates. These studies establish a foundation of important properties that are necessary to develop effective positive contrast agents for magnetic resonance imaging from Eu 2+ -containing cryptates.
plexes of cryptands 1-4, which contain a variety of functional groups (Scheme 1), in the presence of Ca 2+ , Mg 2+ , and Zn 2+ . The use of these ligands allowed us to establish the relationship between the ligand structure and kinetic stability. Additionally, understanding the structural characteristics of Eu 2+ -containing cryptates that influence relaxivity as a function of pH value, temperature, and magnetic field strength is important because this knowledge should enable the design of improved ligands for use at ultrahigh field strengths. 
Results and Discussion

Synthesis
To synthesize cryptands 3 and 4, a two-step synthetic procedure was used that involved thionyl chloride and 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (diazacrown ether). Briefly, the diacids were converted into diacid chlorides followed by immediate reaction with diazacrown ether to produce the desired cryptands (Scheme 2). 
Kinetic Stability Studies
One critical feature of a useful contrast agent is its stability towards dechelation under physiological conditions. Although the thermodynamic stability constant of Eu-1 is high (log K = 13.0), [6] kinetic stability is also crucial to evaluate the possibility of demetallation of contrast agents in the presence of endogenous ions. For a small-molecule contrast agent to be used in vivo, it should be kinetically inert for at least long enough to be excreted (t 1/2 ≈ 5-6 min in mice, t 1/2 ≈ 90 min in humans).
[7] Kinetic stability is important because uncomplexed Eu 2+ oxidizes to Eu 3+ more easily than Eu 2+ that is encapsulated in cryptands, [8] and Eu 3+ is toxic. [5] Prior to excretion, one possible pathway for the release of Eu 2+ is through transmetallation with endogenous ions. Ions that are found in blood plasma include Ca 2+ , Mg 2+ , and Zn 2+ and these are of particular concern because of their abundance in serum and their tendency to be complexed by ligands. Uncomplexed Ca 2+ and Mg
2+
ions, despite having a lower affinity than Zn 2+ for many ligands, [9] are present in higher concentrations than Zn 2+ in blood serum (1.05, 1.34, and 0.125 mm for Ca 2+ , Mg 2+ , and Zn 2+ , respectively). [9, 10] However, the relatively low concentration of zinc in serum is sufficient to displace gadolinium in diethylenetriamine pentaacetate. [9, 11] As seen from the ratio of the longitudinal relaxation rates vs. t (Figures 1, 2 , and 3), the kinetic indices of Eu-1 and Eu-2 are greater than 4740 min in the presence of Ca 2+ , Mg 2+ , and Zn 2+ (Table 1) , which is more than 53 times longer than the half-life of small molecules in vivo. This kinetic index indicates that Eu-1 and Eu-2 did not fall below 80 % of their efficacy during this time, which suggests that these complexes are inert to transmetallation in the presence of Ca 2+ , Mg
, and Zn 2+ at greater than normal in vivo levels. Interestingly, the values in the presence of Zn 2+ appeared to decrease initially and then increase again; however, analysis of the variance revealed that all of the data points for Eu-1 and Eu-2 in the presence of Zn 2+ are not different (α = 0.01). The stability of these Eu
-containing complexes is likely due to the effective binding of the cryptand to the metal ion. Although Eu-1 and Eu-2 showed stability towards transmetallation in the presence of endogenous metal ions, precipitates were observed as soon as PBS was added to Eu-3 and Eu-4, consequently, these data are not included in Figures 1, 2 , and 3. This observation suggests a weaker interaction between Eu 2+ and amide-containing 3 and 4 relative to 1 and 2. A further decrease in the longitudinal relaxation rate was observed in the presence of Ca 2+ , Mg 2+ , and Zn 2+ . Studies with 3 and 4 were stopped once the longitudinal relaxation rate fell below 80 % of the initial value.
The weak binding of Eu 2+ to 3 and 4 can be attributed to the presence of amide groups in the cryptand structure. Amides have resonance structures (Figure 4 ) that change both the electronic and structural properties of the ligands relative to 1 and 2. Because of the presence of partial positive charges on nitrogen atoms, it is unlikely that these nitrogen atoms serve as donors. Thus, the denticity of 3 and 4 is decreased relative to that of 1 and 2. Furthermore, when the lone pairs on the nitrogen atoms are delocalized, the geometry of the nitrogen atoms changes from pyramidal to trigonal planar, and this change in geometry could also make it harder for Eu 2+ to coordinate with 3 and 4 relative to 1 and 2. Consequently, a decrease in the kinetic stability is observed. Because of the ineffective complexation of Eu 2+ by amide-containing 3 and 4, we did not include Eu-3 and Eu-4 in the relaxometric studies described below. Although amide-containing cryptands are not good ligands for Eu 2+ , Eu-1 and Eu-2 were observed to have high kinetic stabilities in the presence of Ca 
Proton Relaxometry
Influence of Magnetic Field Strength on Relaxivity
Eu 2+ -containing cryptates have desirable features that include the presence of two inner-sphere water molecules and fast water-exchange rates, which are two key factors that influence relaxivity. These cryptates are two of a few examples of paramagnetic materials that demonstrate an increase in relaxivity at ultrahigh field strengths relative to lower field strengths. [3, 13] To establish a more complete understanding of the behavior of the efficacy of these cryptates as a function of field strength, we measured the relaxivity of Eu-1 and Eu-2 at field strengths of 1.4, 3, 7, 9.4, and 11.7 T. These measurements allowed us to compare the efficiency of Eu 2+ -containing complexes at clinically relevant field strengths (1.4 and 3 T) with that at higher field strengths, which are commonly used in preclinical research (Ͼ 3 T). Because relaxivity is dependent on temperature, [14] we compared field strengths at the same temperature.
On comparing the efficacy of Eu 2+ -containing cryptates at field strengths of 3, 7, 9.4, and 11.7 T (20°C, pH = 7.4), the relaxivity of Eu-2 is higher than that of Eu-1 at all field strengths ( Figure 5 ). This difference in relaxivity is likely due to the difference in rotational correlation rate, which is the rate at which these molecules tumble in solution. This rate is proportional to the molecular weight for structurally similar compounds.
[15] The relaxivity of Eu-1 increases from 3 to 7 T followed by a decrease above 9.4 T and that of Eu-2 shows an increase in relaxivity from 3 to 7 T followed by a decrease above 7 T. This "bump" could be similar to the bump with a maximum value between 7 and 9.4 T observed at lower field strengths in the NMR dispersion plots of slowly rotating Gd 3+ -based contrast agents. [16] An attempt to explain this increase in relaxivity at higher fields was made using a simulation of the Solomon-BloembergenMorgan (SBM) equations. Although the relaxivity values from this simulation matched the trend observed for GdDOTA, they did not fit the experimental data for Eu 2+ -containing complexes. The results of this simulation indicate that SBM theory alone cannot explain our observations. Figure 5 . Proton longitudinal relaxivity (T = 20°C, pH = 7.4) of GdDOTA (᭺), Eu-1 (᭛), and Eu-2 (ᮀ) as a function of magnetic field strength. Values at 3, 7, and 11.7 T are from ref. [3] Error bars represent standard error of the mean.
At a higher temperature (T = 37°C, pH = 7.4, Figure 6 ), Eu-1 displays an increase in relaxivity from 1.4 to 7 T and a decrease above 9.4 T. However, at 37°C, the relaxivity of Eu-2 at 1.4 and 9.4 T is the same. At all field strengths and temperatures measured (except 1.4 T), Eu-1 and Eu-2 have higher relaxivities than GdDOTA. To further explain the influence of temperature on the relaxivity of Eu-1 and Eu-2, we measured relaxivity as a function of temperature at a constant field strength. Figure 6 . Proton longitudinal relaxivity (T = 37°C, pH = 7.4) of GdDOTA (᭺), Eu-1 (᭛), and Eu-2 (ᮀ) as a function of magnetic field strength. Values at 1.4 and 11.7 T are from ref. [3] Error bars represent standard error of the mean.
Influence of Temperature on Relaxivity
Temperature can have a dramatic influence on the relaxivity of contrast agents. To explore the temperature dependence of the relaxivity of Eu-1 and Eu-2, we measured the relaxivity at 15, 20, 30, 37, and 50°C at 9.4 and 11.7 T at pH = 7.4 (Figures 7 and 8 ). The relaxivity of Eu-1 and Eu-2 decreased by 62 and 57 %, respectively, at 9.4 T and 61 and 53 %, respectively, at 11.7 T when the temperature increased from 15 to 50°C. This drop in relaxivity is expected when the temperature is varied based on the Stokes-Einstein-Debye equation, which relates the rotational correlation rate to temperature. [17] For small molecules such as Eu-1 and Eu-2, an important molecular parameter that affects relaxivity is the rotational correlation rate. [18] This parameter increases with temperature, thereby decreasing the relaxivity as predicted by SBM theory. [19] www.eurjic.org Another temperature-dependent parameter that contributes to relaxivity is the water-exchange rate, which is important when it approaches the magnitude of the relaxation rate of the bound water. When this happens, the plot of relaxivity vs. temperature shows a plateau or a positive slope in the low temperature region. This was not observed for Eu-1 or Eu-2, which implies that the water-exchange rates of Eu-1 and Eu-2 are fast enough to not limit relaxivity even at low temperatures. This conclusion is supported by the results of variable temperature 17 O NMR studies, which revealed that Eu-1 and Eu-2 have water-exchange rates of 3.3 ϫ 10 8 and 0.85 ϫ 10 8 s -1 , respectively. [3] In general, the variation in the relaxivities of these cryptates with temperature is likely due to the changes in the rotational correlation rate of the complexes as the temperature changes, similar to that observed for Gd 3+ -containing complexes.
Influence of pH on Relaxivity
The effect of pH on the relaxivity of Eu 2+ -containing cryptates was examined as a gauge of their performance in vivo and to explore the potential of these complexes to behave as pH responsive agents ( Figure 9 ). At 7 T and 19°C, the relaxivity of Eu-1 did not change significantly at any of the pH values measured from 3-10 (α = 0.01), and that of Eu-2 exhibited the same behavior. These observations are expected for complexes that do not have pH-sensitive functional groups. Also, at 1.4 T and 37°C, the relaxivity of Eu-1 is independent of the pH value (α = 0.01), whereas, the relaxivity of Eu-2 remained constant below pH 7.4, but between pH 7.4 and 8, the relaxivity of Eu-2 decreased by 22 % (from 3.67 Ϯ 0.09 to 2.86 Ϯ 0.02 mm -1 s -1 ) and remained constant above pH 8. In summary, the experiments at different pH values for Eu-1 and Eu-2 under two different sets of conditions (7 T at 19°C and 1.4 T at 37°C) indicate that the relaxivities of these cryptates are not influenced by pH over a physiologically relevant range. Relaxometric studies of Eu-1 and Eu-2 showed that the efficiencies of these cryptates were higher at 7 and 9.4 T at 20°C. Furthermore, the relaxivities of these complexes decreased as the temperature increased from 15 to 50°C, likely due to the increase in rotational correlation rate with increasing temperature. In addition, the efficacy of Eu-1 and Eu-2 did not vary significantly in the pH range of 3-10, which suggests that these complexes are expected to display constant relaxivity in biologically relevant pH ranges. These studies lay the foundation for the use of Eu 2+ -containing cryptates as contrast agents for MRI, and we are currently pursuing synthetic modifications of these cryptates, thermodynamic stability and electron paramagnetic resonance spectroscopic measurements, and in vivo testing.
Conclusions
Experimental Section
General: Commercially available chemicals were of reagent-grade purity or better and were used without further purification unless otherwise noted. Water was purified using a PURELAB Ultra Mk2 water purification system (ELGA). Dicholoromethane was dried using a solvent purification system (Vacuum Atmospheres Company) and degassed under vacuum. Triethylamine was distilled from CaH 2 under an atmosphere of Ar. [20] Flash chromatography was performed using silica gel 60, 230-400 mesh (EMD Chemicals). [21] Analytical TLC was carried out with ASTM TLC plates precoated with silica gel 60 F 254 (250 μm layer thickness). TLC visualization was accomplished using a UV lamp followed by charring with potassium permanganate stain (2 g of KMnO 4 , 20 g of K 2 CO 3 , 5 mL of 5 % w/v aqueous NaOH, 300 mL of H 2 O).
1 H NMR spectra were obtained with a Varian Unity 400 (400 MHz) spectrometer, and 13 C NMR spectra were obtained with a Varian Unity 400 (101 MHz) spectrometer. Chemical shifts are reported relative to residual solvent signals (CDCl 3 :
1 H: δ = 7.27, 13 C: δ = 77.23 ppm).
1 H NMR spectroscopic data are assumed to be first order, and the apparent multiplicity is reported as d = doublet and m = multiplet. HRMS (ESI) were obtained with an electrospray time-of-flight high-resolution Waters Micromass LCT Premier XE mass spectrometer. Samples for inductively coupled plasma mass spectrometry (ICP-MS) were diluted using aqueous nitric acid (2 % v/v). Standard solutions were prepared by serial dilution of a Eu standard (High-Purity Standards). ICP-MS measurements were conducted with a PE Sciex Elan 9000 ICP-MS instrument with a cross-flow nebulizer and Scott-type spray chamber. Longitudinal relaxation times, T 1 , were measured using standard receovery methods with a Bruker Minispec mq 60 [1.4 T] at 60 MHz and 37°C, a Varian Unity 400 (9.4 T) at 400 MHz and 15, 20, 30, 37, and 50°C, and a Varian 500S instrument (11.7 T) at 500 MHz and 15, 20, 30, 37, and 50°C. A plot of 1/T 1 vs. Eu concentration was performed to calculate relaxivity. In the measurements, four to five different concentrations including a blank were used, and measurements were repeated three times with independently prepared samples. Susceptibility weighted imaging (SWI) was performed at 3 (Siemens TRIO) and 7 T (ClinScan) using volume coils. The acquisition parameters were as follows: T R = 37 ms, T E = 5.68-31.18 ms, resolution: 0.5 ϫ 0.5 ϫ 2 mm 3 for 3 T; T R = 21 ms, T E = 3.26-15.44 ms, resolution: 0.27 ϫ 0.27 ϫ 2 mm 3 for 7 T. Multiple flip angles (5, 10, 15, 20, 25 , and 30°) were used in the SWI experiments to allow the determination of T 1 . [22] MR images were processed using SPIN software (SVN Revision 1751). Matlab (7.12.0.635 R2011a) was used to generate effective transverse relaxation time, T 2 *, and corrected T 1 maps. The T 1 values from the corrected T 1 maps were plotted vs. the concentration of Eu in the samples to calculate longitudinal relaxivities, r 1 , as previously reported. [3] 4,7,21,24-Tetraoxa-13,16-dithia-1,10-diazabicyclo[8.8.8]hexacosane-11,18-dione (3): A solution of (ethylenedithio)diacetic acid (0.500 g, 2.38 mmol) in thionyl chloride (5.0 mL, 68 mmol) under Ar was heated at reflux for 5 h. Excess thionyl chloride was removed under reduced pressure, and the residue was dissolved in anhydrous toluene (40 mL). The resulting solution and a solution of 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane and triethylamine (1.5 mL, 0.010 mol, 4.2 equiv.) in anhydrous toluene (40 mL) were added simultaniously (50 mL/h) to a separate flask containing anhydrous toluene (100 mL) at 0-5°C under an Ar atmosphere. The resulting solution was stirred for 12 h at ambient temperature. A yellow-orange suspension formed, which was filtered, and the solvent from the filtrate was removed under reduced pressure. Purification of the residue using silica gel chromatography (10:1 CH 2 Cl 2 /methanol) yielded 3 (0.215 g, 43 %) as a fluffy yellow solid. Benzo-4,7,13,16,20,23-hexaoxa-1,10-diazabicyclo[8.8.8 ]hexacosane-2,9-dione (4): A solution of catechole-1,4-o,o-diacetic acid (0.40 g, 1.8 mmol) in thionyl chloride (5.0 mL, 68 mmol) under Ar was heated at reflux for 5 h. Excess thionyl chloride was removed under reduced pressure, and the residue was dissolved in anhydrous toluene (25 mL). The resulting solution and a solution of 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (0.32 g, 1.2 mmol, 1.0 equiv.) and triethylamine (0.50 mL, 3.3 mmol, 2.4 equiv.) in anhydrous toluene (25 mL) were added simultaniously (50 mL/h) to a separate flask containing anhydrous toluene (60 mL) at 0-5°C under an Ar atmosphere. The solution was stirred for 12 h at ambient temperature. An orange suspension formed, which was filtered, and the solvent was removed under reduced pressure. Purification of the residue using silica gel chromatography 
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General Procedure for the Synthesis of Eu-1-4:
A degassed aqueous solution of EuCl 2 (1 equiv.) was mixed with a degassed aqueous solution of a cryptand (2 equiv.). The resulting mixture was stirred for 12 h at ambient temperature under Ar. Degassed PBS (10ϫ) was added, and stirring was continued for 30 min. The concentration of Eu in the resulting solution was verified by ICP-MS, and the solution was used directly for relaxivity measurements. For transmetallation experiments, the same procedure was followed with only 1 equiv. of ligand.
pH Buffers: The following commercially available buffers were degassed and used in relaxometric experiments: glycine/HCl (pH = 3), acetate (pH = 5), PBS (pH = 7.4), 2-amino-2-(hydroxymethyl)propane-1,3-diol (TRIS) (pH = 8), and glycine/NaOH (pH = 10).
Transmetallation Kinetics:
The following procedure was adapted from Muller and coworkers. [9] A stock solution of the Eu
2+
-containing cryptate (5 mm) was prepared in degassed PBS. To an aliquot of this solution was added a solution of Ca 2+ (12.1 mm) in degassed PBS such that the resulting solution was 2.5 mm in both Eu 2+ and Ca
. This solution was stirred at 37°C under Ar. Aliquots were taken at 90, 180, 420, 1500, 3300, and 4740 min after the addition of Ca 2+ . All aliquots were filtered using 0.2 μm filters prior to T 1 measurements. The t 1 value of these aliquots (60 MHz, 37°C) was immediately measured at each time point. The experiment was triplicated with independently prepared solutions. The entire procedure was repeated using Mg 
